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20. A STUDY OF KYPERSONIC INLE2 TECHNOLOGY 
By Norman E. Sorensen, Shelby J. Morris, Jr., 
and Frank A. Pel 
Ames Research Center 
The present s t a t e  of hypersonic i n l e t  teohnology i s  summarized b r i e f l y  to 
indicate the need t o  use a computer program as a design tool.  
is described, evaluated, and extended t o  the design of an i n l e t  f o r  e f f i c i en t  
operation between Mach numbers 0 t o  5.2. The study shows tha t  the present 
s t a t e  of the a r t  does not provide adequate system performance f o r  propulsion 
systems designed f o r  Mach numbers greater than 3.0 t ha t  burn f u e l  i n  a su3- 
sonic sr,rc3am. r o r  gro?ulslan syist,ems %hat ’ourn fuel i_n_ a si-iperscniz s - k - c 3 ~ - .  
5‘;~d ;~.cgyess lias -3e-r- .-zdz -:- a;:,:& ’ 2s .2dst2;u.a-,e ;T ,L$~ -qe-r”c-r-q.- p _ -  __.& L--L_-. 7 = i ~ -- 
believed tha t  the performane? achieved f o r  most hypersonic i n l e t  systems ex- 
be improved by advanced computer programs. 
Program usage 
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INTRODUCTION 
An important objective of hypersonic i n l e t  research has been to  under- 
stand and predict  hypersonic i n l e t  compression flow f i e l d  phenomena. 
able data suggest t ha t  accurate analyt ical  means are  required t o  predict  i n l e t  
performance. 
gram and shows the need fo r  accurately predicting the compression phenomena i n  
developing a feasible  i-nle+ fiesign. 
Avail- 
The present study uses a recently developed i n l e t  computer pro- 
The main ob.jectives of t h i s  paper are  shown i n  figure 1. The f i r s t  i s  to  
s m a r i z e  the present s t a t e  of the a r t  of  representatiTJe i n l e t  systems up t c  
a Mach number of 8.0 f o r  propulsion systems employing engines tha t  burn f u e l  
i n  a subsonic stream. A summary i s  also presented f o r  i n l e t s  from Mach num- 
bers of about 4.0 t o  15.5 f o r  propulsion systems employing engines tha t  burn 
f u e l  i n  a supersonic stream. The i n l e t s  f o r  the former propulsion systems 
will be termed subsonic burning i n l e t  systems, and the l a t t e r ,  supersonic 
burni,rq i n l e t  systems. Because the s t a t e  o f  the a r t  does not, -T)roTTide adequate 
system performance, a better approach t o  the prediction of i n l e t  flow f i e l d s  
i s  required. The second objective, therefore, is  to  describe ,ad evaluate a 
recently developed computer program f o r  viscous i n l e t  flow. Finally, the need 
f o r  accurately predicting the i n l e t  flow f i e l d  i s  demonstrated by using the 
3rogrmL ;G j .n-v-esz~gz~.~ .>ral;TticaliT a 3hoi-c ~ & z y n m e ~ y : :  ::~Lz; S;-S;~~:.!  :L2s:gA:z~ 
?or high performance f o r  Mach numbers from 0 t o  5.2. 
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r a t i o  of free-stream tube area t o  capture  area 
add i t ive  drag c o e f f i c i e n t  
capture diameter 
r a t i o  of l o c a l  t o  t o t a l  t h r o a t  he ight  
free-stream Mach number 
boundary-layer-edge Mach number 
r a t i o  o f  do-r.snsSrezm ’;c q s s r a a m  static Dressure 
Prand t l  number 
t o t a l  temperature 
wall s t a t i c  temperature 
r a t i o  of l o c a l  t o  t h r o a t  cen te r - l i ne  ve loc i ty  
boundary-layer thickness 
boundary-layer displacement th ickness  
k i n e t i c  energy e f f i c i e n c y  
. .. . .. 
STATE OF THl3 ART 
A number of d i f f e r e n t  types  of i n l e t  systems have been proposed f o r  
hypersonic vehic les ,  and wind-tunnel t e s t i n g  of some of these  systems has been 
x q l e t e d .  T5e %ree rnain t-fles for subsonic burning 5ngFnes g.Lgns r r l f 5  $32 
advantages and disadvantages of each are shown i n  figure 2. 
The longes t  i n l e t ,  and consequently the  heavies t  and t h e  one r aqu i r ing  
t h e  most cooling, i s  t h e  i n t e r n a l  compression ty-pe. It i s  the most d i f f i c u l z  
CG starzc. I n  aud’-’ l v i ~ n ,  i?; r q i i r e s  very high ’uleea LO dt:L,: r k  ;:;LI d r  -TG ;<.:- 
t i a l  i n t e r n a l  performance t h e o r e t i c a l l y  poss ib le  a t  i t s  design Mach number ~ 
It does, however, have some advantages as l i s t e d  i n  t h e  f igu re ,  b u t  o v e r a l l  
cons idera t ions  would. not make i t  as a t t r a c t i v e  as che tvo inie-cs below. 
"-- 
The external compression i n l e t  has several  serious f au l t s .  Four d i s t inc t  
disadvantages a re  l i s t e d  i n  the f igure which may eliminate t h i s  type of i n l e t  
from consideration f o r  a hypersonic transport. 
the shortest  of a l l  i n l e t s  and has no s t a r t i ng  requirements; that is, no geom- 
e t ry  change i s  required t o  start the i n l e t  because the terminal shock wave i s  
external t o  the cowl l i p .  Inadequate off-design mass flow, however, creates 
the need f o r  a contracting centerbody a8 indicated by the dashed l ines .  
On the  posit ive side, it i s  
The mixed compression i n l e t  has high poten t ia l  in te rna l  performance but 
the all potent ia l  of t h i s  type of i n l e t  apparently has not yet been achieved. 
For a wraparound turboramjet engine the  off-design mass flow required can be 
achieved with t h i s  type of i n l e t  through a contracting centerbody system, but 
t ranslat ion of the centerbody provides only a marginal o r  unacceptable raass 
flow. A s  can be seen by comparison with the external  compression i n l e t  above, 
the mixed compression i n l e t  is  somewhat longer, therefore heavier, and 
requires more cooling a t  hypersonic speeds. Accurate analyt ical  tools  should 
allow design of a minimum length mixed compression system which - , r i l l  ha-r? 
adequate performance. 
m e r i n e n t a l  performance or' zhe three systems is indicazed i n  figure 3 .  
Zngine-face pressure recovery i s  plotted as a function of i n l e t  Mach nux:Der. 
The dashed l ine  shows for comparison a reasonable goal for the pressure 
recovery and was derived from recent hypersonic transport  studies (ref. 1). 
Up to  M = 4.0 adequate performance appears t o  be possible. Beyond M = 4.0 
( re f .  2) the performance i s  marginal when compared t o  the transport  goal. 
Recent work with axisymtnetric i n l e t  systems is  shown by the l igh t  l ine  up zo 
M = 3.0 (ref. 3) 
indicates what might be at ta ined with more research. 
system ( re f .  5 ) ,  indicated by the heavy l ine ,  appears competitive i n  the 
higher Mach number range. 
t rac t ion  i n l e t  system (ref. 6) indicates high recovery, but  at the expense of 
about 19-percent boundary-layer bleed. It should be emphasized tha t  the ?e-- 
formaqce data shovn are composites of only the best  perr'ormance aztdiiled I'sz 
each of the i n l e t  types, and no single i n l e t  has achieved the hypersonic 
transport goal over the complete Mach number range. From the foregoing dis- 
cussion it appears that  for subsonic burning most of the advantages i i e  with 
the mixed compression i n l e t  i f  the potent ia l  performance can be achieved 
experimentally over the complete Mach number range. 
Extrapolation of t h i s  work t o  higher Mach numbers ( r e f .  4) 
The external  corrpression 
The single point shown f o r  the a l l  in te rna l  con- 
For supersonic burning i n l e t  systems there appears t o  be more freedom i n  
design. 
The f i r s t  i n l e t  i s  one currently being readied for the NASA Hypersonic 
Research Engine f o r  Mach numbers up to  8.0. 
designed so tha t  forward t ranslat ion of the centerbody w i l l  close off the 
i n l e t  flow to  reduce the cooling load during nonoperating conditions on the 
X-15. The second l n l e t  i s  sn sxlsymmetric fiesign currently b e h q  Ccc?s+b+' -:-e L3 
h = 10.0 and i s  being cotsidered f o r  use i n  a self-accelerating vehicle. 
three remaining designs appear l e s s  conventional having fixed geometry with 
self-s tar t ing capabi l i t i es  down t o  lower Mach numbers. 
lyzing the flow f i e l d s  is  considerably greater than f o r  the axisymmetric 
in le t s .  The th i rd  i n l e t  i s  derived from an axisymmetric nozzle design. 
Figure 4 shows several i n l e t s  t ha t  have been or are  being tested.  
It i s  an axisymmetric i n l e t  
'?he 
The d i f f i cu l ty  of ana- 
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Conventional means can be used to  analyze t h i s  i n l e t  although they do not 
predict  the exact flow f i e ld .  
applications. 
dimensional f l o w  f i e l d s  requiring analyt ical  means which are riot f u l l y  devel- 
oped as  yet. 
i n i t i a t e d  i n  the throat  causing thermal compression of the flow. This allows 
se l f - s ta r t ing  t o  lower Mach numbers than the t h i r d  or fourth i n l e t s  and it may 
be shorter entai l ing savings i n  weight and cooling requirements. 
The i n l e t  i s  current ly  considered f o r  missile 
The fourth and f i f t h  i n l e t s  have more complicated three- 
The f i f t h  i n l e t  d i f f e r s  from the others i n  tha t  conibustion is  
I n l e t s  f o r  supersonic burning must be compared on a different  basis  from 
tha t  f o r  subsonic burning. 
mance are usually made i n  the throat  region of the i n l e t ,  and the k ine t ic  
energy efficiency i s  generally used t o  describe the performance. 
shows a band of experimental performance (refs. 7-16) fo r  i n l e t s  such as jus t  
described. Pressure recovery a t  the throat i s  plot ted as a function of Mach 
number. The dashed l i nes  are  for constant k ine t ic  energy eff ic iencies  of 98 
and 96 percent. Performance f a l l i n g  above or between these l ines  i s  consid- 
ered adequate. It i s  evident t ha t  good progress has been made in  z;-kaici;:g 
adel,vca%e L-erf.:rc:ancz. T‘k broader pc5lem l i - 3 ~  2- xzki::ii:z 7 : ~  I:-?-: -:=:- 
combustors and exit nozzles so as TO achieTre adeGuate sjrs~ern per?:r!nai;ze ~-.-e: 
the f l i g h t  prof i le .  
For supersonic burning, measurements of perfor - 
Figure 5 
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COMPUTER PROGRAMS 
Turning now t o  the second objective, sophisticated tools  i n  the form of 
computer programs will be described and evaluated. Two computer programs have 
been used i n  the present study which employ the method of character is t ics .  
One program computes only the inviscid portion of the flow and will be termed 
the inviscid program ( re f .  17). 
of computer t i m e  on an IBM 7094. 
In’ti-scid r e a l  gas solution v i t h  a boundary-layer solut icn and :n-- L’D -xrz?,-! 
the viscous program. The program.requires one-half to  one hour per solution; 
hence, much computer t i m e  i s  saved when the inviscid program is used fcr ?re- 
liminary designs. The Viscous program was developed under PASA confr%c; :.nx 
Lockheed-California Company and i s  described and evaluated i n  reference 16. 
The capabili ty of the viscous computer program is as follows (see f i g .  6) : 
From a known blunt-body solution a t  the nose, the program w i l l  compute the 
boundary layer under the blunt nose shock layer  followed by computation of 
the r e a l  gas inviscid flow f i e l d  s imltaneously with the boundary layer.  
w i l l  calculate a blunt cowl l i p  soiution using the h e a l  upscream C G i i d L t ; G i T S ,  
The program then calculates the  in te rna l  flow f i e l d  including shock-wave- 
boundary-layer interactions.  If the bow shock wave f a l l s  inside the cowl l i p  
as shown i n  f igure 6, the program calculates the crossed shock $raves and the 
associated vortex sheets. The theoret ical  approaches used in the pro,cram ar~3 
belicved LO be valid,  but f’urther work, which w i l l  be descrYGed Ln “,he sue- 
ceeding papers, may yield improved theories f o r  flow de ta i l s  such as boimdary- 
layer-shock-wave interactions.  Such improvements are expected to  be 
incorporated i n  the viscous program eventually. 
T h i s  program requires only about 2 minutes 
The other program couples simultaneousbj the 
- 7 7  . 
. .  
It 
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The usefulness of the viscous program has been established by comparison 
Figure 7 is  a comparison of c with wind-tunnel resu l t s .  
mental velocity prof i les  across the throats  of two d i f f e  inlets. The Mach - 
number 4.0 and 3.0 mixed compression designs shown have noses and l ips .  
Since the experimental p rof i les  f o r  both of the measured while 
some of the boundary layer was removed, one m i  erimental pro - 
f i l e  with a thinner boundary layer than tha t  predicted. However, a thicker 
boundary layer was observed on the centerbody f o r  both in l e t s .  Even though 
the comparisons may not agree well, the theories used are believed to  be as 
good as is  currently available. Better agreement should be achieved i n  the 
future with the development of more accurate theories.  
ed and experi- 
PROGRAM USAGE 
Proceeding to  the f i n a l  objective, the program usage w i l l  be extended t o  
the design of an i n l e t .  In  the lypersonic Mach number range from 5.0 t o  8 .C:  
systems with subsonic as ;Sei; as supersonic diffusion. Figure 8 shows such 5 
system designed f o r  Mach number 5.2 mated t o  a wraparound turbofan-ramjet. 
The axisymmetric i n l e t  system has a mixed compression supersonic diffuser  and 
a ra ther  short subsonic diffuser.  The propulsion system i s  about 3.0 capture 
diameters long from the cowl l i p  to  the nozzle ex i t .  The i n l e t  system i s  1.25 
capture diameters from the cowl l i p  t o  the engine face. The dashed l ines  
represent sect ional  views of two off-design modes of varying the geometry. 
The upper sect ional  view shows the centerbody t ranslated to  the Mach number 
1.0 posit ion while the lower v i e w  shows the centerbody i n  a contracted posi- 
t ion  f o r  Mach number 1.0. 
area mass flow f o r  the t ranslat ing centerbody version, but i s  50 percent f o r  
the contracting centerbody. Since f o r  best  performance candidate wraparound 
turbofan or turboramjet engines require on the order of  50 percent 03 more 
capkure m s s  f l o ~  zt 26 = T.G, %e cc-tracsing center3067 i s  ax a%:raczi-,-e 
mode of off-design operation for a mixed compression axisymmetric i n l e t  system. 
. -  
: v ~ ~ ~ ~ ~ n ~ - ~ j  -e.usv <~-&of"..  '1" ;~rjc:-sm.:e? i . f i  ---a ~ : n e ~  sp-pesr ~ ~ ~ ~ ~ c ~ ~ ~ i ~  and. ~3 ?:-::-e :A+ 1 
The mass flow i s  only 20 percent of the capture 
A t  M = 5.2 the subsonic diffuser can be rather  short, mainly because t k  
* supersonic diffuser  contraction r a t io  is  high. That is, because the Mach 
nuniber i n  the throat  region a f t e r  the terminal shock-wave system is about 
0.5 to  0.7 and the throat height i s  small, the area r a t io  to  diffuse the flow 
to M = 0.2 or less can be achieved i n  a relatively short axial distance with 
low diffusion efficiency losses. Beyond t h i s  point the sudden expansion 
losses a re  quite small since the Mach number i s  low.  Turning the flow into 
the wraparound ramjet should also cause only small flow diffusion losses since 
the Mach nuniber i s  only about 0.15 into the ramjet. The shapes of the sub- 
sonic diffusers f o r  both the t ranslat ing and contracting centerbody versions 
-zt Mach nurnber 1.0 do not sF?ear to  of fe r  a d l f f imion  loss nroblem si_r_ce t e s t s  
of similar shapes have indicated tha t  the losses are small. 
Figure 9 shows the de ta i l s  of  the internal  supersonic flow f i e l d  of one 
proposed design as predicted by the computer programs. Only the contours i n  
the region of the cowl l i p  and throat are shown f o r  c l a r i t y .  The in te rna l  
shock-wave system predicted by the viscous program is shown by the wavy l ines .  
-rcom-=*. 287 
For comparison, the system predicted by the inviscid program i s  shown by the 
sol id  l ines .  It i s  evident t ha t  the inviscid program predicted a shock-wave 
system which extended over a greater length than that predicted with the v i s -  
cous program. This i s  mainly because bound -layer displacement thickness - 
shown by the dashed l ines  was  not taken i n t  
across each impingement predicted with the inviscid and viscous programs are  
indicated i n  the table  a t  the bottom of  the figure.  
sure r a t io s  predicted with the inviscid program are  considerably lower than 
those predicted with the viscous program again mainly because boundary-layer 
displacement thickness was not taken into account. The accuracy or' the values 
shown f o r  the viscous program depends t o  a considerable extent on the accuracy 
of the boundary-layer and boundary-layer-shock-wave interaction theories used 
i n  the program. These problem areas are  discussed i n  t h i s  conference by 
M r .  Gnos and by M r .  Watson. 
count. The pres 
It i s  evident that pres- 
It i s  believed tha t  separation of the boundary layer must be avoided both 
for  on and off design i f  high performance i s  t o  be achieved. The hypersonic 
program has predicted the approachkg boundarj-layer thickness and ReTynolds 
m&er fcr each skr_cck-va-re i?-TFn%:ern?nC, slncvn i r r  f i g w e  9. K m v i i g  t h c e  
quantit ies the inc ip imt  gressure r L a e  3 7  se2arizlcn :m be ts?132:;3d. X g -  
ure 10 is  a plot  o f  pressure r a t io  as a function of Local boundary-layer edge 
Mach number ahead of the impingements. The dark band i s  an envelope or' exper- 
imental data for incipient Separation of a turbulent boundary layer caused by 
a shock wave impinging on a f l a t  plate  ( re f .  19) corresponding t o  the range of 
Reynolds numbers based on the boundary-layer heights ahead of each impingement 
Computed pressure r a t io s  tha t  f a l l  above the band should separate; those tha t  
f a l l  below should not separate. The in l e t ,  however, has curved surfaces with 
high local  pressure gradients i n  the region of the impingements. What par t  
t h i s  may play i n  the accuracy of predicting separation i s  not known. The 
pressure ra t ios  l i s t e d  in  the table  of f igure 9 are  plotted i n  t h i s  f igure.  
Those r a t io s  predicted by the inviscid program shown by the f i l l e d  symbols do 
not indicate separation, but these values, as previously indicated, are  overly 
optimistic,  It apFears that  %ore refinement i n  tke deslgn of $he i i l e t  322- 
tours i s  required since the pressure r i s e  predicted with the viscous program 
for the second impingement f a l l s  i n  the region of separation. 
The e f fec t  of cooling the boundary layer can also be predicted by the 
viscous program. Figure 11 shows the e f fec t  o f  varying the wall temperature 
ra t io .  The r a t i o  of  boundary-layer displacement thickness to  the thickness 
a t  the near average adiabatic temperature of  904' R i s  plotted as a function 
of the r a t i o  of wall temperature t o  9 0 4 O  R f o r  each impingement a t  M = 5.2. 
A s  expected, the boundary layer becomes thinner x i t h  increased cooling. In 
addition, cooling has more e f fec t  on thinning the boundary layer i n  the throat 
than forward on the  centerbody as evidenced by comparison of the curves for 
the f i r s t  and th i rd  impingements. The calculations shown here are f o r  a 
sui table  wind-tunnel t o t a l  temperature of 1200° R .  Actual f l i g h t  conditions 
w i l l  demand that the walls be cooled t o  about 0.4 or' the near adL3bazi.c x a i i  
temperature ra t io .  
case reduces the boundary-layer displacement thickness ahead of the f i r s t  
impingement about 20 percent while the thickness is reduced about 30 percent 
on the succeeding impingements. 
Reducing the wall temperature r a t io  to  0.4 fo r  the 1200° R 
Cooling i s  expected t o  be favorable t o  the 
performance by increasing the  inc ip ien t  pressure rise f o r  separation and 
increasing the relative area of inv isc id  core f l o w  i n  t h e  throa t .  T h i s  
assumes, however, t h a t  the heat removed by cooling i s  accomplished with the  
f'uel and can be recovered i n  the 2ropulsion system when the f u e l  i s  in jec ted  
i n  the combustor. 
CONCUTDING EESIARKS 
The foregoing study of hypersonic i n l e t  technology has shown t h a t  the 
present s t a t e  of the ar t  does not provide what i s  considered adequate system 
performance over the complete Mach number range f o r  subsonic burning i n l e t  
systems. 
the  ex terna l  or i n t e r n a l  compression types f o r  self -accelerating vehicles such 
as the hypersonic t ransport .  For supersonic burning systems good progress has 
been made i n  a t t a in ing  adequate i n l e t  performance. The broader problem l ies  
with a t t a in ing  adequate performance over the f l i g h t  F ro f i l e  -,&.en ai  :ne;, I, 
Zcrxance can 3s achieved for mosr; h3iersonlc i n l e t  sj.s;erns fmzugh xse  cl' 
adwnced comruter progrms which can accurately pred ic t  hypersocic i z k t  r " k - , i  
f i e l d s  . 
Mixed compression i n l e t  systems appear more promising than e i t h e r  
. -  
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